In order to understand the effects of gaseous production on the acoustic radiation characteristics of underwater pyrotechnic combustion, the pyrotechnic combustion pressure-time curves are plotted using a closed bomb and then maximum pressure is used to calculate the quantity of gaseous products. The results show that among the four pyrotechnic compositions with different gas productions, overall sound pressure level (OASPL) and 1/3 octave band sound pressure level (SPL) in composition #4 which has the highest nozzle gas flow, shortest period of bubble formation and largest maximum bubble diameter, reached 165.1 dB and 163 dB respectively, which were 6 dB and 10 dB higher than the corresponding minimum values. During underwater pyrotechnic combustion, bubbles were formed at the nozzle of the combustion device and thus generated low-frequency noise. The increased gas production resulted in a shorter bubble formation period, a larger number of bubbles, and larger bubble diameter, which destabilize the fluid during bubble formation, improve the prone of bubbles to coalescence and breakup, and increase the sound pressure level.
INTRODUCTION
A pyrotechnic composition which is mechanically mixed by an oxidant, a combustible agent, an additive and an adhesive can be combusted to produce a large amount of high-temperature gas, fluid and solid residues [1] . Experimentally, underwater pyrotechnic combustion will form bubbles and show acoustic radiation effect [2] . However, relevant studies on the mechanisms of underwater acoustic radiation focus on bubble-induced noise, which is generated from the dynamics of bubbles, including growth, deformation, coalescence, breakup and vibration [3] . The noise radiation of bubbles has received high attention since 1917 [4] . Recently, Qian discussed the correlation between bubble breakup and Weber number, and elaborated the process of bubble breakup [5] . The major noise sources in a ship exhaust system are bubble formation and the exhausted bubble cloud is major source of noise [6] . The interaction between bubbles (e.g. coalescence and breakup) will greatly affect sound generation, and produce a much louder sound than that produced by a single bubble [7, 8] The bubble-generated sound is induced by intense pressure fluctuation, with frequency close to that of bubble volume resonance [9] . As reported, when a laser photoelectric diode was used to record the signals generated during the discharge of bubbles from a glass tube in distilled water, the dynamics of bubbles including chaos or periodicity depended on the volume flow [10] .
The gaseous products from underwater pyrotechnic combustion are mixed with solid residues and are at high temperature. Their shape and size at high temperature are different compared with the bubbles generated during gas compression. Meanwhile, the formation and size of bubbles at the nozzle are closely related to the acoustic radiation characteristics of underwater pyrotechnic combustion. Therefore, in this paper, the effects of gas production on acoustic radiation characteristics of underwater pyrotechnic combustion are investigated by testing on the gaseous product flow, nozzle bubble formation and development, and spectra of underwater combustion noise.
EXPERIMENTS 2.1. Determination of volume of gaseous products
The volume of gases produced during pyrotechnic combustion was determined by measuring the transient pressure in the closed bomb. The pyrotechnic compositions used in this paper were prepared from potassium nitrate (as an oxidant), magnesium aluminum powder (as a combustible agent), an additive and an adhesive. Four compositions with different gas productions were designed by adjusting the ratios of components, and were numbered as #1, #2, #3 and #4. The major instruments and devices considered include a transient pressure testing system, a 50-ml closed bomb, and a pressure transducer with sensitivity of 143.9 mV/MPa. The signals we processed on DEWEsoft. The test system is showed in Fig. 1 .
Each composition (1.0 g of composition) was put into the closed bomb and ignited with electric firing. Then P-t curves were drawn. Since the addition of composition is small, supposed the temperature of the gaseous products in the closed bomb was close to that of gaseous products under atmospheric pressure. Thus, according to the equation of state for the gas, the volume of the composition under atmospheric pressure is:
where V 0 -volume of gaseous products in combustion of compositions under atmospheric pressure, L; P 0 -atmospheric pressure (1 atm), Pa; V 1 -volume of the closed bomb, L; P 1 -peak pressure measured by the pressure transducer, Pa.
Test of acoustic radiation characteristics during underwater pyrotechnic combustion
The four pyrotechnic compositions were compressed into columns with density of 1.8 g/cm 3 , diameter of 18 mm and weight of 5 g, and then each was placed in a selfdesigned round device with a nozzle (diameter 10 mm). Each sample was put into a self-prepared cubical plexiglass tank (with scale) 0.7 m below water and ignited with electric firing. Figure 2 shows a sketch of the test system for underwater pyrotechnic combustion. In this system, a hydrophone placed in the tank will transform the collected sound pressure signals into electrical signals, which are 2-ignition device. 3-closed bomb. 4-pressure transducer. 5-data output and processing system).
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amplified by a B&K-2692 charge amplifier and collected and processed by a B&K-3560 data acquisition system and PULSE LABSHOP. The standard B&K-8104 hydrophone which works within 0.1-120 KHz has a low frequency receiving sensitivity of 205 dB and is placed 1 m away from the nozzle. The 1/3 octave band sound pressure level (SPL) (Lpoi, reference value 1 μPa), and broadband SPL (Lpo) were calculated as follows:
where U i -output pressure in the test system, v; U 0 -reference voltage, U 0 = 1V; M 0 -free field voltage sensitivity of the hydrophone, dB (reference value: 1V/μPa); K-gain in the test system, dB; n-number of 1/3 octave band in the band.
RESULTS AND DISCUSSION 3.1. Measurement of gas volumes in the combustion products of the four compositions
A composition (1.0 g) was put into the closed bomb and ignited with electric firing. The four pyrotechnic compositions underwent transient pressure test separately to obtain P-t curves ( Fig. 3 ).
According to the peak pressure of each composition in Fig. 3 , the gas quantity and nozzle gas flow calculated from Eq. (1) and 5-g composition combustion time are showed in Table 1 . Since the adopted peak pressure values are in the 95% statistical confidence intervals, the adopted values are meaningful.
Nozzle bubble characteristics in underwater combustion for the four pyrotechnic compositions with different gas productions
The gas produced during underwater pyrotechnic combustion is discharged into water through the system and forms a complex two-phase flow field at the nozzle. Figure 4 shows the process of gas formation of each composition at the nozzle (the intervals are 9, 8, 6 and 5 ms).
When bubbles are formed at the nozzle during underwater pyrotechnic combustion, no jet is generated for any composition (Fig. 4 ). The processes of bubble formation are basically the same. The solid residues generated during combustion are sprayed into bubbles along with the gas, and darken the bubbles. Also the flames, heat and solid residue generated during combustion make the shapes of the bubbles more irregular. In the gaseous combustion products, the bubble formation is divided into two phases depending on the water resistance: a radial growth phase and a jet-direction growth phase. At the initial phase (0-12 ms), the bubble diameter at the jet direction is large (Fig. 4a ) due to the large pressure inside the tube. When the jet develops to a certain degree (12-24 ms), because of the water resistance, the velocity of the jet frontier gas decreases and the growth at the jet direction is restrained. These changes are favorable for the radial growth of bubbles, as the radial diameter increases and the bubbles become nearly ellipsoidal. The bubbles rise due to buoyance forces. Due to the increased nozzle gas flow, the disturbance ability of the gas inside the bubbles is improved and the shapes of the bubbles are more irregular (Fig. 4b-4d ). Table 2 shows the formation period, maximum diameter, and bubble count of bubbles at the nozzle during underwater combustion of the four compositions. As the bubbles at the nozzle are in irregular shapes and prone to coalescence and breakup as they rise, the jet-direction diameter is considered as the maximum diameter of nozzle bubbles, so the counted number is calculated as the ratio of combustion time to bubble formation period. With the increase of nozzle gas flow, the bubble formation period is shortened ( Table 2) . A larger nozzle gas flow results in the formation of more hightemperature gases and solid residues in the bubbles, higher gas disturbance ability, higher prone to shape changes (e.g. folding) on bubble surface, and higher ability against water resistance. Therefore, the actions of buoyancy and surface tension facilitate the escape of bubbles from the nozzle. Meanwhile, the bubble diameter increases with the increased nozzle gas flow, which is consistent with the relationship between gas flow velocity and bubble radius:
where r B is bubble radius, U . is gas flow velocity; g is acceleration of gravity [11] .
Acoustic radiation characteristics in underwater combustion of four pyrotechnic compositions with different gas productions
The acoustic radiation characteristics of the four pyrotechnic compositions during underwater combustion were tested by the water acoustic test system, and the results are shown in Fig. 5 . With composition #1 as example, SPL increases with increasing frequency within 0-125 Hz, but decreases with increasing frequency within 125-1000 Hz (Fig. 5) . The Lpo peaks of the four compositions are 156, 155, 153 and 163 dB respectively, and the peak frequencies are 125, 100, 125 and 125 Hz respectively (Table 3 ). Since the adopted 1/3 octave band peak sound pressure level values are in the 95% statistical confidence intervals, the adopted values are meaningful. Composition #4 has the largest Lpo and peak SPL, indicating that larger nozzle gas flow results in higher SPL. The gas productions and number of bubbles in compositions #1 and #2 are larger than in composition #3, indicating higher peak SPLs. In addition, the spectra of acoustic radiation characteristics show that the noise of underwater pyrotechnic combustion is mainly at low frequency, reflecting the characteristics of exhaust during underwater combustion. The resulting gas is discharged at high speed from the device through the nozzle to water, and consequently, the water near the nozzle is severely disturbed, the density of the surrounding medium fluctuates, causing the pulse volume source to radiate noise outward.
The radiation sound pressure p(r,t) during nozzle bubble formation can be expressed as: (5) where ρ 1 is liquid density, q b is the heat transfer between gas and water, U in is volume flow, and P in is gas pressure [12] . Equation (5) indicates that the acoustic radiation generated during nozzle bubble formation is caused by the heat transfer between bubbles and water, and by the fluid instability during bubble formation (especially pressure fluctuation and speed fluctuation). Lpo values in compositions #1, #2 and #3 are not largely different, probably because their combustion temperatures are nearly the same. In combination with the bubble characteristics during underwater pyrotechnic combustion, the increased quantity of gaseous products, the increased internal pressure, the faster gas flow at the nozzle, the longer flames, the irregularity of bubble shapes, the shorter bubble formation period, and the increased number of bubbles all destabilize the external environment, which intensifies the acoustic radiation during the formation of nozzle bubbles. After the bubbles leave the nozzle, the bubble diameter increases with the increased quantity of gaseous products, so the relatively large bubbles are more prone to breakup and coalescence, which generate sound effect [13] .
CONCLUSIONS
During underwater pyrotechnic combustion, bubbles are formed at the nozzle, but no jet is generated. The pyrotechnic compositions with different gas productions differ in nozzle gas flows because of different underwater combustion periods. A larger nozzle gas flow and a shorter bubble formation period result in higher gas disturbance ability, more severe shape changes on bubble surface (e.g. folding), higher likelihood of bubbles to leave the nozzle, and larger bubble diameter, due to the effects of high-temperature gases and solid residues inside the bubbles. Meanwhile, a larger diameter, a larger number of bubbles and higher disturbance ability all destabilize the external environment and make bubbles prone to breakup and coalescence, which result in strong sound effects.
